Field emission from iridium surfaces by Winkel, David Edward
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1957
Field emission from iridium surfaces
David Edward Winkel
Iowa State College
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Physical Chemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Winkel, David Edward, "Field emission from iridium surfaces " (1957). Retrospective Theses and Dissertations. 1357.
https://lib.dr.iastate.edu/rtd/1357
FIELD EMISSION FROM IRIDIUM SURFACES 
David Edward Winkel 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Physical Chemistry 
Approved 
Ch e of Major Work In è
Head of Major Departmen
Dean of "Graduatfe College 
Iowa State College 
1957 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
UNCLASSIFIED 
Titleî FIELD EMISSION FROM IRIDIUM 
Author* David E. Winkel 
(Official certification of the classification shown is filed in the Ames 
Laboratory Document Library.) 
W. E. Dreeszen 
Secretary to Declassification 
Committee• 
UNCLAS cïv, k 4 
Signature was redacted for privacy.
il 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
HISTORICAL 4 
EXPERIMENTAL INVESTIGATION 22 
RESULTS AND DISCUSSION 40 
SUMMARY 92 
BIBLIOGRAPHY 94 
ACKNOWLEDGMENT 96 
1 
INTRODUCTION 
One of the most important aspects of surface chemistry 
is quite naturally the study of surface chemical reactions. 
Catalytic hydrogénation is an example of one of these reac­
tions which has received much attention from both the funda­
mental and applied standpoint. 
The technology of hydrogénation catalysis is highly 
developed. In spite of this immense reservoir of practical 
knowledge the fundamental details of the process are still 
quite vague. 
It is obvious that the fundamental study of catalytic 
processes will require experimental surfaces that are atomi-
cally clean. In addition, most catalytic reactions are very 
sensitive to the atomic arrangement of the catalyst surfaces. 
For this reason it is desirable that such reactions be studied 
on single crystal planes. The difficulty of obtaining sur­
faces for investigation that meet the above criteria has been 
largely responsible for the lack of intimate knowledge of the 
mechanism of such catalytic processes. 
The field emission microscope is potentially one of the 
most powerful tools available for the study of metal catalysts. 
The instrument essentially yields a map of the electron emis­
sion of nearly all of the low index crystal planes of a metal 
simultaneously. Any surface property that influences emission 
can thus be indirectly studied. Adsorption of foreign materi­
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als will change the emission properties of a surface, quite 
often by orders of magnitude. This provides a very sensitive 
method for the study of adsorbed layers on the various planes 
of a crystal. 
The most interesting hydrogénation catalysts are the 
transition metals of group VIII. Several of these metals 
have been used as field emission cathodes, however they have 
not been used for studying catalysis. In addition, many dif­
ficulties have attended their application in field emission 
microscopes. Iron has been studied by Schleicher (28). Un­
fortunately the tip was apparently contaminated with oxide 
which could not be removed by heating in vacuum up to the 
melting point. Even heating in hydrogen at 850°C did not 
completely remove the impurity. Nickel is well known as a 
hydrogénation catalyst and has been very carefully studied 
by Gomer (10). He succeeded in obtaining clean surfaces but 
it was a matter of some skill to do so. Nickel has the dis­
advantage that electric fields necessary for electron emis­
sion cause the surface of the cathode to distort at tempera­
tures above 100°C. Gomer did not use the instrument to study 
catalytic processes. The adsorption of Hg, N^, and NH^ on 
platinum has been studied by Korb (16). He also investigated 
the catalytic decomposition of NH^ on platinum cathodes. 
Desirable properties for a metal that is to be used as a 
field emission cathode are: 
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1. It should have a high melting point, preferably 
above 1500°C, so that it can be subjected to sufficiently 
rigorous outgassing conditions. 
2. The oxide of the metal should either be volatile or 
decompose at temperatures approximately two-thirds of the 
melting point. 
3« The metal should be ductile enough so it can be 
mechanically worked to form wires. 
4. Since the electrostatic field at the surface of the 
cathode stresses it approximately 20 tons per square inch, 
the tensile strength of the metal should be as high as pos­
sible. 
Of the platinum metals iridium appeared to fulfill these 
requirements better than any other member of the group. There­
fore it was selected as the best available metal for a compre­
hensive investigation of catalytic hydrogénation. Before one 
can successfully interpret processes that are occurring when 
hydrogen or an unsaturated substance such as ethylene is ad­
sorbed on the surface, the behavior of a clean iridium sur­
face must be known in detail. 
As the first step in this program the properties of clean 
iridium were investigated, in particular the surface migration 
of iridium atoms on iridium. This is necessary for interpre­
tation of changes in the surface geometry that are often in-
I 
duced by adsorption. 
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HISTORICAL 
Field emission was first qualitatively described by Wood 
(36) in 1897• It was first discussed theoretically by Schottky 
(30) on the basis of his "well model" of metal electrons, and 
the concept of an image force. According to Schottky, a metal 
can be regarded as a potential well filled to a certain height 
with electrons ; the sides of the well above this height con­
strain the electrons from leaving it. The shape of this po­
tential well is assumed to be that of an electron attracted 
to its image charge inside the metal. This is depicted sche­
matically in Figure 1, which shows only one side of the well. 
The work function is defined to be the energy that must be 
given to an electron so that it can go over the top of this 
external barrier and leave the metal. 
A potential applied to the metal surface will add alge­
braically to this image force potential. This is shown sche­
matically in Figure 2 for an electrostatic field directed 
oppositely to a unit vector normal to the metal surface. 
Notice that the potential energy barrier is not as high as 
it was when there was no applied field. Schottky calculated 
this decrease to be : 
0 = ]/eF (1) 
Richardson's equation for the current obtained for thermionic 
emission is: 
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Figure 2. Potential energy diagram of a metal with an 
applied electrostatic field 
e0 
j = AT2e kT (2) 
where 0 is the work function of the metal surface. Shottky 
generalized this by taking into account the dependence of 0 
on the electrostatic field, F. The resulting equation is: 
e(0 - 1/eF) 
j = AT2e ^ (3) 
This has been experimentally verified up to fields of 5 x 10^ 
volts/cm. 
Schottky postulated that field emission would occur when 
the applied field was high enough to reduce the height of 
the potential barrier to zero. From Equation 1 this field 
ç/2 
is easily seen to be j|— • In the case of tungsten which is 
known to have a work function of 4.5 ev, the required field 
Q 
is of the order of 10 volts/cm. In addition to this, the 
theory predicts a considerable temperature dependence of the 
emission current below this critical field strength. Accord­
ing to this model, electrons which leave the metal when the 
applied field is less than require energy to surmount the 
energy barrier. Thus emission should cool the metal just as 
it does in thermionic emission. 
These predictions are quite susceptible to experimental 
verification and a considerable amount of experimental work 
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was directed to this in the next few years. The results can 
be summarized quite briefly; all the theoretical predictions 
were experimentally refuted. A particularly important experi­
mental discovery was made by Millikan and Lauritsen (17) in 
1929. They showed that their experimental data fit an expres­
sion of the form 
_B 
j = Ae F (4) 
very exactly. 
About this time it was generally accepted that something 
was fundamentally wrong with Schottky's classical theory and 
perhaps a better explanation could be derived from the recent­
ly introduced quantum mechanics. This was done by Fowler and 
Nordheim (8). They assumed that the electrons in the metal 
obeyed Fermi-Dirac statistics ; for simplicity of calculation 
the rounded image force barrier was replaced with a step func­
tion. An applied field will then produce the triangular bar­
rier shown as a dotted line in Figure 2. According to quantum 
mechanics, it is possible for electrons to "tunnel" through 
such a barrier and emerge on the other side. Such behavior 
is unthinkable in a classical theory such as Schottky1s ; yet 
it is the fundamental key which led to a successful theory 
of field emission. 
Let us consider field emission from a metal surface that 
is normal to the x direction as shown in Figure 1. Let ¥ be 
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defined as the x component of an electron1s energy measured 
relative to the energy of the bottom of the Fermi sea, -W . 
3" is similarly defined as the height of the Fermi level above 
-W . The number of electrons incident per unit area, within 
an energy range dW, is defined to be N(W)dW, and is commonly 
called the supply function. N(W) can be calculated from the 
Fermi-Dirac distribution to be : 
VT - f 
N(W) = kîfy^ log (1 + e kT ) (5) 
hj 
The transmission coefficient, D(W), is defined as the fraction 
of electrons that can penetrate the barrier at the energy W. 
This can be evaluated by solving the one dimensional Schrod-
inger equation for this particular potential distribution: 
d S- + /w + eFxJ =0 (6) 
dx2 n2 
As a result of this calculation D(W) can be shown to be: 
1/? -1* 
D(W) = W/WA-W?1/2 e 3BP (?) 
Wa 
The total current emitted would be the sum of the product of 
N(W) and D(W) over all energies from -W to infinity. 
j = ef 
ao 
N(vr) D(W) dW (8) 
"
Wa 
10 
The resulting formula is the famous Fowler-Nordheim (7) equa­
tion: 
*1/2 2 _»M7«3/2 6.8.V1O'0-
3 = 6.2-10" " iyp F^ e" F (9) 
Wa0 
Nordheim (26) later considered the case where the energy 
barrier is composed of both the applied potential and the 
image potential. The resulting equation is: 
, . j >»-V .-'-S3 " "" „„ 
where 
„4 -1/2 
y = 3-79 x 10 4 l-g- (11) 
The function v(y) is given in tabular form in the review 
article written by Good and Muller (14). Their article con­
tains a clear and extensive treatment of the theory of field 
emission, not only for the limiting cases discussed above, 
but also in the region where both temperature and field in­
fluence electron emission. 
It should be noted that the Fowler-Nordheim equation is 
of the same form as Millikan and Lauritsen's empirically found 
equation. The dependence of field emission on field strength 
was verified in all experiments in which sufficient precau­
tions were taken to obtain a smooth surface. An example of 
the experimental techniques used at that time is Shockly's 
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"one-dimensional" microscope (29). This was simply a cathode 
of tungsten wire mounted on the axis of an evacuated cylin­
drical glass tube whose inside walls were coated with a 
phosphor, over which a helical wire anode was placed. When 
a sufficiently high voltage was nlaced between anode and cath­
ode, field emission took place. The emitted electrons left 
the wire radially and traveled to the fluorescent screen in 
straight lines where an image was formed. This image was 
magnified radially by the ratio of the diameter of the glass 
tube to the diameter of the cathode wire; the longitudinal 
magnification was unity. It was observed that field emission 
was originating from discrete areas on the cathode. In spite 
of intense heating of the cathode, emission still came from 
small regions scattered over the surface. Furthermore with 
all of these measurements, the field deduced from the size 
and position of anode and cathode was smaller than the fields 
predicted by the Fowler-Nordheim equation, by factors ranging 
from 3 to 50. 
The resolution of this one remaining discrepancy was not 
possible until Muller invented the "two-dimensional" field 
emission microscope in 1936 (18, 19). Instead of a fine wire 
cathode, he used a sharply pointed tip produced by etching 
the end of a tungsten wire. This was placed a few centimeters 
from a fluorescent screen which was at anode potential. Emit­
ted electrons traveled nearly radially to the screen producing 
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a two dimensionally magnified image of the surface. It was 
found that a freshly etched tip was extremely rough, but that 
heating it would cause it to round off to an approximate 
hemisphere on the end of the conical shank of the emitter as 
schematically shown in Figure 3« The resulting images reveal­
ed evenly distributed emission over the cathode surface ex­
cept for certain non-emitting areas which could be shown to 
be small facets of the low index crystal planes. From the 
appearance of the emission patterns it was deduced that the 
surface was smooth to atomic dimensions. By measuring the 
radius of a point with an oil immersion microscope, Miiller 
(21) was able to calculate that the field strength required 
for an emission current of 200 amp/cm was about 35 x 10^ 
volts/cm, which agreed with that predicted by the Fowler-
Nordheim equation. 
The introduction of the field emission microscope, stimu­
lated active interest in the field and it has enjoyed increas­
ing popularity as a tool for studying the basic principles 
of field emission, as well as a tool for studying the surface 
properties of metals and alloys. Its virtues for these 
studies have already been described in the Introduction. At 
this point we will depart from a strictly historical presenta­
tion of the subject and will consider first the contribution 
of the field emission microscope to the understanding of the 
fundamental details of the field emission process and secondly 
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Figure 3. Shape of a typical field emission cathode 
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Figure 4. Emitter construction to eliminate copper 
contamination 
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the contributions of the field emission microscope when it 
has been used as a tool for studying surface phenomena of 
various sorts. 
As can be seen by inspecting the Fowler-Nordheim equa­
tion, the emission current depends on only two quantities 
which, at least in principle, should be capable of being ex­
perimentally determined. These two quantities are the work 
function, 0, of the surface in question and the electrostatic 
field, F, at the metal surface. The exact determination of 
the field, F, at the cathode surface is a very difficult 
thing to do, especially when one remembers that the diameter 
of a field emission cathode is usually only a few tenths of 
a micron. This was the cause of the discrepancy between the 
measured and predicted field in the earlier work already 
described. 
The resolution of this uncertainty is clearly of prime 
importance and much effort has been directed to this problem. 
Since these cathodes are so minute, the only practical way 
to find the field at their surface is to solve Laplace's equa­
tion using as a boundary condition the known geometry of the 
cathode and anode. As described above, Millier did this, in 
a necessarily crude way, using an oil immersion microscope 
to determine the cathode geometry. The measured field agreed 
with the theoretically expected one within the experimental 
error. 
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More accurate determinations of the field were not pos­
sible until cathode geometries could be precisely measured, 
which was not possible until the electron microscope became 
available. Haefer (15) used an electron microscope to measure 
tungsten points that had been etched in molten sodium nitrite 
and then smoothed by heating. Field emission current versus 
field was measured and agreed with theory to within + 15 per 
cent. These cathodes were not used as emitters in a field 
emission microscope so the purity of the surface could not 
be judged. 
Dyke and co-workers (7) have investigated this question 
very carefully. In all of their experiments, the cathodes 
were measured in an electron microscope and then used as 
emitters in a field emission microscope so that surface purity 
could be monitored. Distributions of current densities from 
different areas of the cathode were measured photometrically 
to determine the emitted current per unit area. The cathode 
geometries could be accurately fitted by one of the equipo­
tentials of a sphere sitting on an orthogonal cone. This 
simplified calculation of the electrostatic field at different 
positions of the cathode. The measured values of field con­
firmed the theoretical ones to + 15 per cent. This error was 
caused by inaccuracies in determining the size of the cath­
odes with the electron microscope used, and could not be elim­
inated. 
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Dyke further extended the current densities over that 
normally possible by introducing pulse techniques. By using 
microsecond pulses the current density could be increased to 
8 2 10 amp/cm . At these high current densities space charge 
effects become noticeable and have been accounted for theo­
retically. In addition to the utility of pulse techniques 
for studying the mechanism of field emission, pulse techniques 
have many practical applications. To preserve continuity 
they will be described here. 
One of the things that has prevented successful technical 
application of field emission cathodes is their short life. 
This has been traced to bombardment of the cathode by positive 
ions produced from the residual gas in the tube. The most 
troublesome offender is helium, since it diffuses from the 
surrounding air through the glass walls of a field emission 
tube. By operating the cathodes under pulse conditions it 
is possible to operate them at considerably higher tempera­
tures than is possible with the usual continuous operation. 
In fact, the temperatures can be made high enough so that 
impurities are evaporated from the cathode surface as fast 
as they are formed. At these temperatures surface migration 
of tungsten continually smooths the cathode surface and heals 
the damage caused by helium ion bombardment. This modifica­
tion of operating conditions has extended the useful operat­
ing life of a cathode to the point where it may find tech­
17 
nical applications. All of the above work is presented in 
detail by Dyke and Dolan (7)• 
The only remaining thing in the Fowler-Nordheim equation 
that has to be checked is the dependence of emission current 
on work function. As can be seen from Equation 9 the work 
function appears to the three halves power in the exponent. 
The first experimental work to check this was done by Mtiller 
(20). He evaporated known thicknesses of barium onto a tung­
sten field emission cathode and measured the dependence of 
current on work function from the Fowler-Nordheim equation. 
The work functions were independently determined on larger 
samples of tungsten coated with barium to the same thickness. 
From this work it appeared that the work function should ap­
pear as the third power instead of the three halves power in 
the Fowler-Nordheim equation. This method is open to criti­
cism because it is likely that the condensed barium would 
form crystallites which would protrude above the surrounding 
surface, and thus have a higher local electric field around 
them; this would invalidate the conclusion. 
Millier later investigated this question much more care­
fully and with a different method (24). The work function 
of different crystal planes of tungsten has been determined 
thermionically by Smith (31) • If the work functions as meas­
ured by the Fowler-Nordheim equation agree with those obtain­
ed thermionically, the three halves power of the work function 
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would be unambiguously established. In fact the work func­
tions measured by the two methods agreed very closely. Thus 
at the present time the Fowler-Nordheim equation can be re­
garded as satisfactorily verified experimentally. 
The following discussion on the application of the field 
emission microscope as a tool for studying surfaces will be 
limited to studies on adsorption of materials on surfaces. 
This is done since a large amount of work has been done which 
is not of interest to a chemist; furthermore it is adequately 
covered in the reviews cited at the end of this section. 
The field emission microscope is admirably adapted to 
the study of surface migration of various materials adsorbed 
on metal surfaces. A knowledge of this phenomena is clearly 
of the highest significance for elucidation of the mechanistic 
details of surface reactions. A case in point is the cata­
lytic hydrogénation of ethylene. If hydrogen and ethylene 
are sufficiently mobile at the temperatures normally used 
for catalysis, it is possible for hydrogen and ethylene to 
be adsorbed at any point of surface and then migrate to the 
crystal plane most favorable for reaction. 
The first convincing demonstration of surface migration 
was given by Millier with his new field emission microscope 
(21). He evaporated barium onto one side of a field emission 
cathode and could observe its migration at different temper­
atures. Becker (3) has carefully investigated the behavior 
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of the alkali metals when deposited on a tunsten surface in 
a similar fashion. 
Very significant work on the migration of oxygen on tung­
sten has been done by Gomer (12). He evaporated oxygen onto 
one side of a tungsten point, held at liquid helium tempera­
ture, by heating cuprous oxide. If less than one monolayer 
of oxygen is deposited on one side of the tip, migration will 
not take place until it is heated to 400°K. However if more 
than one monolayer of oxygen is initially deposited, the be­
havior is strikingly different. Between HO°K and 120°K, the 
oxygen spreads over the surface with a sharp boundary until 
the supply of deposited oxygen is exhausted. After migration 
has ceased the adsorbed oxygen is again stable to 400°K. 
This can be satisfactorily explained by assuming that the 
first layer of oxygen is already chemisorbed at 40°K and that 
oxygen physically adsorbed on top of oxygenated tungsten is 
mobile at 40°K. The sharp boundary is formed by these phys­
ically adsorbed molecules migrating to the boundary and spill­
ing over the edge onto the clean tungsten, where they immedi­
ately become chemisorbed, thus allowing the boundary to ad­
vance. 
Gomer recently investigated the mobility of hydrogen on 
tungsten using the same technique (13). A sharply moving 
boundary was formed at temperatures below 20°K if more than 
one monolayer of hydrogen was initially deposited on one side 
20 
of the tip. The mechanism is apparently the same as that 
described above. If approximately half as much hydrogen is 
deposited the hydrogen migrates to the 110 plane and then 
spreads radially, again with a sharp boundary, in the tempera­
ture range 180-240°K. When still less hydrogen was deposit­
ed, migration took place without a sharp boundary. 
The adsorption of oxygen on tungsten at higher tempera­
tures has been studied by many workers in the field. Becker 
(4) has obtained emission patterns of oxygen on tungsten under 
a great variety of conditions. He presents evidence that 
oxygen is desorbed in two consecutive steps on a tungsten 
surface. Becker also asserts that the first layer of oxygen 
atoms makes primary valence bonds with the tungsten surface 
and is not desorbed until approximately 1600°K. He defines 
the second layer as adsorbed oxygen atoms which can only make 
secondary valence bonds with the already partially saturated 
surface. This second layer can be desorbed in the neighbor­
hood of 800°K. 
Gomer (12) has presented conflicting evidence that the 
emission images produced by heating oxygenated tungsten are 
not caused by desorption, but by irreversible oxidation. 
Becker (4) finds that upon heating a tungsten point to 
— P 600°K, in an oxygen pressure of 10" mm, many intriguing pat­
terns are produced after the tube has been re-evacuated and 
cooled. He interprets these as images of single molecules• 
21 
In a recent careful study of oxygen on tuns ten, Millier (25) 
believes that these small patterns are small crystallites of 
WO^ produced during the heating. 
The reader who wishes to obtain more information on any 
phase of field emission can do no better than refer to the 
several excellent recent review articles which cover the whole 
field (7, 12, 4, 23). 
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EXPERIMENTAL INVESTIGATION 
A. Vacuum Techniques 
If one wishes to study the surface properties of clean 
metals it is necessary that the investigations be conducted 
in very high vacua, or the surface of the specimen will be­
come quickly contaminated. From kinetic theory it can be 
shown that at 10"^ mm a clean surface will be covered with 
a monolayer in one second if the sticking probability of col­
liding gas molecules is unity. Thus, as a general rule, 10"^ 
mm is the maximum pressure of such gases that can be tolerated; 
even then the monolayer formation time is only 15 minutes. 
Therefore all measurements of the surface properties must be 
conducted in a time short compared to this, which is often 
difficult. 
Conventional ion gauges measure pressure by collecting 
the positive ions produced when the gas in the ion gauge is 
subjected to electron bombardment. This current is propor­
tional to the pressure of the gas. In principle one should 
be able to measure this positive ion current for an arbitrar­
ily low gas pressure. 
However in practice it is found that these gauges will 
Q 
not measure pressure below 10" mm. This has been explained 
by the following hypothesis ; Soft x-rays are produced when 
the electrons from the cathode strike the grid. These x-rays 
23 
cause photo-electrons to leave the collector. Electrons 
leaving the collector are equivalent to collection of positive 
ions at the collector. Thus in addition to the current due 
to collection of positive ions, which is proportional to the 
pressure, there is always a residual photoemission current. 
This residual current corresponds to a pressure of approxi-
— ft 
mately 10" mm. 
This residual current can be reduced by decreasing the 
solid angle of the collector. This solid angle can be re­
duced by a factor of 1000 by changing the collector from a 
cylinder surrounding the grid to a very fine wire on the axis 
of the grid. Such a gauge has a residual current equivalent 
to HT11 mm. These gauges, which are called Bayard Alpert 
gauges, have been used exclusively in this research. 
For measuring pressures below 10"^° mm the field emission 
microscope itself can be used. From changes in the emission 
pattern one can estimate the time required for the surface 
to be contaminated with a monolayer. Becker (4) has measured 
the sticking probability for oxygen and nitrogen on clean 
tungsten. It is approximately 0.4. If one assumes that the 
sticking probability of oxygen and nitrogen on clean iridium 
is also about 0.4, the approximate pressure can be readily 
calculated from the monolayer formation time. 
Bayard and Alpert (1) have recently devised an extremely 
convenient procedure for obtaining vacua in the 10"^  mm to 
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10~10 mm range. A Bayard Alpert system differs from a con­
ventional all glass vacuum system in only three respects: 
1. A Bayard Alpert ion gauge is used instead of a con­
ventional ion gauge. 
2. An all metal greaseless valve is used to isolate the 
system from the vacuum pumps. 
3« A removable furnace encloses the entire system. 
The system can be evacuated to 10"^ mm by the following 
procedure. The system is outgassed at 450°C until the pres­
sure is 10"6 mm. The furnace is removed and the metal parts 
of the field emission tube and ion gauge outgassed by heating 
as hot as possible without melting them. The system is iso­
lated from the pumps by the all metal cut off valve. The 
final reduction of pressure is accomplished by ion pumping. 
Ion pumping is an extremely interesting process. Under 
normal operating conditions the glass walls of the ion gauge 
assume a negative potential. This results in positive ions 
being attracted to these walls with energies on the order of 
50 electron volts. This is apparently sufficient to drive 
these ions into the interior of the glass where they become 
trapped. This mechanism has successfully explained the ion 
pumping of all gases except helium. In the case of helium it 
has been discovered (34) that a very thin film of tungsten 
on the glass greatly enhances ion pumping. Such films always 
result from the normal outgassing conditions. 
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The procedure of Bayard and Alpert was followed almost 
identically. For details one is referred to their excellent 
paper (1). 
For pressures below 10"^ mm it is necessary to use get­
ters for the final evacuation. The tubes used in this re­
search all incorporated tantalum getters. The evacuation 
procedure is relatively simple. The system is evacuated to 
10~6 mm at room temperature, after which it is heated at 450°C 
for 12 hours to outgas it. The metal parts in the system 
are then heated as close to their melting points as practi­
cable. The glass lead which is to be fused to seal off the 
system is also vigorously torched. The whole process is re­
peated. The system is then isolated from the pumps and the 
pressure reduced to 10"^ mm by ion pumping. The metal parts 
and the seal-off lead are again outgassed as thoroughly as 
possible. The seal-off tube is then melted. The pressures 
never rose above lCT'7 mm during seal-off. After seal-off 
the tantalum is heated until an opaque film has formed on the 
glass walls surrounding the tantalum wire. By this technique 
it is possible to produce field emission patterns that will 
not change in a week, indicating partial pressure of adsorb-
able gases of 10""^ mm. 
It was found that oil diffusion pumps were not suitable 
for evacuating field emission microscope tubes. No matter 
how carefully one traps the diffusion pump, traces of organic 
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vapors find their way into the tube. Mercury diffusion pumps 
bypass these difficulties. 
B. Techniques of Tube Construction 
The construction of the field emission tubes proved to 
be the most difficult phase of the entire research. Detailed 
directions for constructing these tubes do not exist in the 
literature, therefore a somewhat exhaustive description of 
methods that proved successful will be given. Many of them 
appear to be trivial but experience has shown them to be 
necessary. 
Because all field emission tubes require internal elec­
trodes, glass to metal seals are an integral part of any such 
tube. These seals must be absolutely reliable since pressures 
of lO-U mm must be maintained for weeks in a static system. 
A leak in these seals that would go unnoticed in a dynamic 
vacuum system in the 10~^ mm range will be intolerable in 
such a static system. 
Many different types of seals were tried. The first 
seals were similar to those described by Strong (33) • These 
are the first three seals of the following: 
1. 20 mil tungsten to-------- Corning 7740 (pyrex) 
2. 20 mil tungsten to-------- Corning 7720 (nonex) 
3. 20 mil tungsten to-------- Corning 3320 (uranium) 
4. 40 mil tungsten, sealing grade to- Corning 3320 
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5» 40 mil zirconium to 
6. 25 mil zirconium to 
Corning 7720 
Corning 7720 
Of the above only number four proved to be consistently 
reliable. In the first three types the golden color of the 
tungsten glass interface which supposedly characterizes good 
seals could be obtained quite easily. Even in a dynamic 
vacuum system it was impossible to obtain pressures below 
10"^ mm using these seals. This was traced to microscopic 
fissures in the commercial grade tungsten wire available. 
Zirconium wire for the last two types of seals was made 
by swaging arc melted, hafnium free, crystal-bar zirconium. 
These seals were not tested since microscopic examination 
showed a fissure had developed during the swaging process. 
In view of the success that Corak (6) had with these seals, 
they probably deserve further testing. 
Seals made with ground, sealing grade, tungsten rod 
proved to be perfectly reliable. The only critical feature 
in making these seals is the preoxidation of the tungsten. 
The simplest way to gauge this is by the color of the oxide 
layer as it increases in thickness. 
Upon slow heating in an oxidizing atmosphere, clean tung­
sten will undergo the following color changes : 
1. gold 3» dark, steel blue 5. green 
2. purple 4. sky blue 6. purple, etc. 
The first purple indicates the correct thickness of oxide. 
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The tungsten is cut to the correct length with an abra­
sive cut off wheel. This prevents the splintering that always 
occurs when tungsten is cut with a wire cutter. The wire is 
heated to white heat and after cooling is cleaned in molten 
sodium nitrite. It is then thoroughly washed in distilled 
water. 
After oxidation a close fitting sleeve of uranium seal­
ing glass is slipped over the tungsten. The correct clearance 
is approximately 0.3 mm. The wall thickness of the sleeve 
should be about 0.5 mm. Starting at one end the sleeve is 
fused to the tungsten in a reducing flame to prevent further 
oxidation. The color of a seal made in this fashion is not 
gold. After sealing the beaded tungsten into a piece of 3320 
tubing and annealing the seal at 510°C overnight the desired 
gold color will develop. 
It is generally recognized that heavily oxidized tung­
sten will make a mechanically strong seal, however it may 
leak. On the other hand slightly oxidized tungsten will make 
seals that are weaker, but which are also more reliable from 
a vacuum standpoint. 
The above procedure will produce a seal with a very light 
gold color. In some cases the seal will be gold at one end 
only and metallic at the other. This does not detract from 
their usefulness since such seals are always reliable. 
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After the seal has been annealed there is always a black 
band of heavily oxidized tungsten under the end of the glass 
sleeve. This is quite porous and sometimes causes outgassing 
difficulties. To bypass this problem one simply cracks off 
the glass covering this part of the seal with a razor blade. 
The exposed tungsten should be cleaned of oxide by electro-
polishing in one normal sodium hydroxide solution and then 
be electroplated with nickel to a thickness of approximately 
one micron. After this treatment almost any metal can be 
spotwelded to the tungsten. 
Spot welding is the most convenient method for making 
the various electrical connections within a tube. The wire 
sizes to be welded range from 10 mils down to the emitter 
which is 2 mil iridium. While some of the more expensive 
commercial thryatron spot welders are satisfactory for welding 
the larger wire sizes they are entirely too clumsy for welding 
the emitters. 
A small spotwelder of original design proved to be very 
convenient for welding wires in the above size range. It is 
very simple and can be made from readily available parts. 
As can be seen from the scale drawing of Figures 5 and 6, 
it is built on the principle of a beam balance. This enables 
one to control the welding pressures very accurately. The 
associated electrical circuit is given in Figure 7» To 
minimize copper contamination in the weld both the upper wire 
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electrode and bottom plate electrode should be highly pol­
ished. 
The following conditions have been found to be optimum 
for making the welds in a tube: 
2 mil Ir to 5 mil Ir 50 grams pressure 0.25 watt seconds 
5 mil Ir to 5 mil Ir 200 grams pressure 1.0 watt seconds 
5 mil Ir to 40 mil W 400 grams pressure 4.0 watt seconds 
10 mil Ir to 40 mil W 500 grams pressure 9*0 watt seconds 
5 mil Ta to 40 mil W 400 grams pressure 4.0 watt seconds 
It helps if the joint is flooded with alcohol or acetone 
during welding. 
No published procedures for etching platinum field emit­
ters were found to be suitable for etching iridium. An elec­
trolytic etch was sought for iridium. The only procedure 
that would produce a bright surface was electrolysis in molten 
sodium chloride with 40 volts a.c. However, the points pro­
duced were very blunt. Iridium can be flame etched because 
its oxide is volatile. 
Approximately 3 mm of 2 mil iridium wire were spotwelded 
to an iridium hairpin. The hairpin was mounted vertically 
downward in a micromanipulator. A microtorch, which was 
simply a quartz capillary drawn to form an orifice of 0.35 
mm, was mounted in a horizontal position in another micro­
manipulator. 
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A hydrogen-oxygen flame was directed at the juncture of 
the emitter and hairpin and the flame adjusted until the metal 
was heated to approximately 2000°C, at which temperature 
iridium is slowly volatilized. 
The process is watched with a binocular microscope at 
lOx magnification. The flame is removed when all sharp pro­
jections have been removed. This is necessary because weld­
ing may produce minute points whose radius is as small or 
smaller than the emitter. These cause spurious emission 
which is very confusing. 
After the weld is polished the flame is moved to the end 
of the emitter and increased in intensity until a small ball 
is melted to a distance of about 1.5 mm from the hairpin. 
The flame is directed at right angles to the wire just above 
the ball until the wire is constricted to a diameter of 5 
microns. The flame is removed and directed downward along 
the wire axis until the constriction is burned in half. Then 
the flame must be removed immediately. The final step of 
the process is best observed under 3Ox magnification. The 
above sequence is depicted in Figure 8. 
This procedure will yield points that are adequately 
sharp, however they are always contaminated with an impurity 
that is selectively adsorbed at the edges of the 100 
planes. It is bound so strongly that it cannot be removed 
by flashing at high temperatures. This impurity can be re-
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moved completely if all the iridium wires are anodically 
etched with 8 volts in molten sodium chloride-potassium chlo­
ride until their diameter is reduced by at least one mil 
before welding the emitter blank to the hairpin. After weld­
ing, the entire hairpin and emitter are etched for approximate­
ly 10 seconds with 2.0 volts a.c. in the same fused salt. 
The flame etching can then be started as described above. 
The best anode arrangement was found to be a conducting 
coat of tin oxide beneath the phosphor screen. The one great 
advantage of this method is that the phosphor particles do 
not acquire a charge. Corner's procedure (11) was followed 
exactly. However, there are several additional points worth 
noting. 
The bunsen flame that Gomer mentions for volatilizing 
the stannous chloride gives very nearly the optimum tempera­
ture. The delivery tube for the vapor should be bent at the 
end so the vapor of stannous chloride can be directed to all 
parts of the flask. One cannot rely upon filling the hot 
flask with vapor and then letting it settle out uniformly. 
The resulting films have a tendency to be cloudy and have a 
high resistance. 
The detailed procedure is as follows : Surfaces that 
must not be coated are protected with a coating of aquadag. 
The flask to be coated and the delivery tube are placed in 
a furnace and heated to 450°C. The stannous chloride is 
volatilized with a bunsen flame and several short puffs of 
it blown into the tube. Between puffs the delivery tube should 
be rotated so as to direct the vapor to all parts of the sur­
face to be coated. Immediately afterwards the vapor is blown 
from the tube with air„ This should be done in the furnace 
since undue delay will result in cloudy coats. After the 
flask has cooled, the aquadag can be scrubbed off with a 
brush and abrasive cleanser. The film is quite durable and 
will not be injured. The resistance between the center of 
the screen and the edge is normally between 5,000 and 20,000 
ohms. 
Electrical contact to the film is made by a 40 mil tung­
sten rod sealed through the wall of the flask near the screen. 
The wire should be beaded with uranium glass as described by 
Barr (2). The black band of heavily oxidized tungsten is 
removed by electrolytically dissolving the tungsten rod pro­
jecting from the beaded portion inside the tube, in 6 normal 
sodium hydroxide until it has been completely removed and is 
indeed recessed inside the uranium glass sleeve with which 
it was beaded. The projecting lip of glass is cracked away 
until it is flush with the end of the rod which is then plated 
with 10 microns of nickel from a Watts type bath (5> P* 379) 
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followed by 10 microns of gold"*". This is to prevent oxidation 
in succeeding steps. Silver paste (DuPont A990) is painted 
over the plated end of the tungsten and a small area of the 
surrounding glass. The silver film is cured by firing to 
600°C; the flask is cooled to 450°C and the tin oxide coat 
then applied. 
The screen is prepared quite simply by the lacquer flow 
method (27)• The lacquer suspension of the phosphor is pre­
pared as follows : 4 grams of Sylvania #2282 (zinc silicate) 
are mixed with 5 cc of amyl acetate and 2.5 cc of varniton 
V21 label varnish. The lumps of phosphor are broken up by 
slowly ball milling the suspension, using 6 mm glass beads, 
for several hours. 
An excess of this suspension is placed on the surface 
to be coated and spread evenly by rotation. The excess is 
allowed to run down the sides of the flask; the remaining 
film is dried by a gentle stream of air. After it has dried, 
it is placed in a cold furnace and heated to 500°C in air. 
This burns away the binder and leaves an even, white film of 
phosphor. 
^Gold plating solution: 
1.0 g H Au C1h«3H20 
, per _ TCrn dissolve in 40 cc of hot water, 
q]75g Na2 h pQ^ then add the KCn and dilute to 200cc 
Bath should be operated at 70°C 
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High voltage for operating the tube was obtained from 
a Beta Electronics Co. Model #206 power supply. Photography 
of the images was done with a Leica camera with an Elmar 
f3*5 lens using a Leica focamount and focaslide to obtain 
close-up pictures. 
4o 
RESULTS AND DISCUSSION 
A. Clean Iridium 
Figure 9 is the first pattern obtained from iridium. 
The pattern shows perfect four fold symmetry, which would be 
expected if the 001 direction of the face centered cubic 
crystal of iridium was oriented parallel to the axis of the 
tip. The only disquieting thing about this pattern is the 
presence of the intensely emitting region around the central 
001 plane. Pure metals studied in the past have always given 
patterns in which the emission is quite uniform over large 
areas of the crystal except for the non-emitting low index 
crystal planes. Thus these regions of intense emission are 
indicative of some impurity that is strongly adsorbed around 
the periphery of the [loo] planes. This impurity cannot be 
removed by heating in vacuum at 2500°K. This is shown in 
Figure 10 which is the same emitter which gave Figure 9 after 
such intense heating. 
In the case of tungsten nearly all known contaminants 
are usually desorbed completely at this temperature. There­
fore it seems improbable that this impurity on iridium would 
not also be desorbed to some extent. If the impurity is in­
deed being desorbed from the emitter surface, it must contin­
ually be replaced since the pattern does not change by pro­
longed heating at high temperatures. 
Figure 9. First image Figure 10. Image of 
obtained from iridium the same emitter 
after intense 
heating 
Figure 11. Contaminated 
surface of iridium 
emitter #2 
Figure 12. After 
emitter #2 had been 
torn off 
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This is supported by Figure 11. The very small central 
dark spot is the image of the 001 plane on the apex of the 
tip, while the other four dark spots are the images of the 
[lOOj faces on the sides of the emitter, as shown in Figure 
3• This tip has not been heated to high temperatures and is 
quite contaminated. However, there is no specific contamina­
tion around the periphery of the apical 001 plane. The other 
four {100£ planes located further back on the sides of the 
tip are evidently contaminated. This would be expected if 
some impurity were diffusing from the shank of the tip and 
had reached the four [lOo] planes on the side of the tip, 
but had not yet diffused to the apex. Heating of this tip 
caused the impurity to diffuse to the apical 001 plane which 
further substantiates this hypothesis. 
Figures 12 to 2k show an interesting sequence of progres­
sive contamination of the different crystal planes. The end 
of emitter #2 was torn off by momentarily applying a field 
of approximately 5 x 10^ volts/cm to the tip while it was 
heated to 1500°K. The emitter shank was probably ruptured 
at the grain boundary closest to the necked down portion im­
mediately back of the bulbous emitter, see Figure 3• After 
the tip was torn off, the field and heater current were im­
mediately shut off. The resulting emission pattern is shown 
in Figure 12. After heating to approximately 1800-2100°K 
the symmetry began to reappear, as shown in Figures 13 to 15. 
Figure 13. After 
heating to ap­
proximately 
2000°K 
Figure 14. After 
further heating 
at 2000°K 
Figure 15* After 
further heating 
at 2000°K 
Figure 16. After 
heating to ap­
proximately 
24-00 °K 

Figure 17» After Figure 18. After 
heating to further heating 
2500°K at 2 500 °K 
Figure 19» After Figure 20. Heated at 
still further 2500°K for 15 sec 
heating at 12,500 volts 
2500°K 
t+7 
Figure 21. Heated at Figure 22. Heated at 
2500°K for another 2500°K for another 
75 sec 10,500 volts 70 sec 12,500 volts 
Figure 23» Heated at Figure 24. Clean iridium 
2500°K for another 
20 sec 11,600 volts 
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Note that the tip is considerably blunter since the voltage 
necessary for 10"^ amperes emission current has risen from 
its value of 5500 volts before disruption to 9600 volts. 
The wire from which the emitter is etched is composed 
of many small crystal grains which usually fill the whole 
cross section of the wire. The direction parallel to the 
wire axis in these small crystals is normally 001, however 
111 occasionally occurs. As can be seen from Figure 15» the 
110 direction is parallel to the emitter axis in the small 
single crystal grain at the end of the emitter. This is very 
unusual. The adsorbed materials are now located around the 
{llll planes. Heating at 2400°K further smoothed the still 
slightly irregular surface, and also removed the impurities 
adsorbed around the fill] planes. The £l00j and {ill} planes 
are now very clean as can be seen in Figure 16. This indi­
cates that if the impurity is in the iridium wire, it cannot 
be uniformly distributed throughout its bulk. If it were, 
it would immediately appear on the [lOO] planes exposed after 
the tip had been torn off. 
Heating at 2500°K permitted the migration of this im­
purity to the £100^ planes, as can be seen in Figure 17. 
Further heating at 2500°K did not increase the amount of ad­
sorbed material as can be seen in Figures 18 and 19. 
The four or five bright parallel bands around the flOOj 
planes are very interesting. The only reasonable explanation 
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for them is that they are caused by enhanced emission from 
the edges of terraced steps around the flOOj planes. Muller's 
approximate relation (22) between the voltage necessary for 
10-5 amperes emission, the work function, and the radius, can 
be used to calculate the radius. 
0 
The equation is r = *,-/ where V is the voltage 
0 
necessary for 10"^ amperes emission, 0 is the work function, 
O 
and r is the radius of the point in Angstroms. The assump­
tions made in obtaining this equation are that the shape of 
the tip is a hyperboloid, and the anode is a plane 2.5 cm 
distant from the cathode. The voltage necessary for 10™^ 
amperes emission was 17,900 volts • 
Goldwater and Danforth's (9) measured value of 5*3 ev 
for the work function was used. The radius was calculated 
O 
to be 6500 A. From this and the angle subtended by these 
steps from the center of the point the step height was cal-
O 
culated to be 10 A. Due to uncertainties in this calculated 
radius, this step height may be in error by a factor of 2. 
It is interesting that carbon causes much the same effect on 
the {lioj planes of tungsten by blocking the surface migra­
tions of the tungsten atoms thus causing the net planes to 
O 
grow together to form steps of 10 to 20 A height. 
A further attempt was made to free the surface of this 
impurity by intense heating in vacuum. This sequence is shown 
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in Figures 20 to 23. The emitter was heated with the field 
off for the times and temperatures indicated below each 
picture; the voltage necessary for 10"^ amperes emission is 
also given. As can be seen from this voltage, the tip was 
being sharpened by evaporation of iridium. Since evaporation 
is taking place the tip is not only decreasing in diameter, 
but is also being shortened. As the end of the tip receded 
the orientation of the tip changed from the unusual 110 back 
to the usual 001 as shown in Figure 20. As the tip recedes 
still further a grain boundary appears in Figure 22 and then 
disappears on further heating as shown in Figure 23. 
This impurity could conceivably be: 
1. distributed throughout the bulk of the iridium 
2. copper contamination occurring during the welding 
process 
3» only in the surface layer of the iridium. 
As has been explained above, there is some evidence 
against the first possibility. To check the second possibil­
ity the emitter was welded to the hairpin with the least 
possible current and rather higher pressure than that given 
as optimum in the section entitled Experimental Investigation. 
Under these conditions sticking of the wire to the electrodes 
did not occur, and no copper was visible on the emitter as­
sembly when viewed under a microscope at lOOx. The emitter 
and hairpin were then etched in concentrated boiling nitric 
53 
acid for one hour. The emitter was then flame etched in the 
usual manner. This did not eliminate the impurity as can be 
seen in Figure 24. 
To check the third possibility, the surface of the wire 
was anodically dissolved in a fused NaCl, KC1 eutectic. The 
hairpin and emitter were then fabricated from these etched 
wires. To completely eliminate the possibility of copper 
contamination the weld was eliminated by adopting the con­
struction shown in Figure 4. The point was then flame etched 
according to the previously described procedure. 
The resulting pattern is shown in Figure 25» It should 
be noted that the emission is very uniform over the entire 
surface except for the non-emitting low index planes. There 
is no trace of specific adsorption round the flOO] planes. 
Thus all the evidence points to an impurity concentrated 
in the surface of the iridium wire as it was obtained from 
the manufacturer. Unfortunately, only its presence and not 
its identity can be deduced from the appearance of the emis­
sion patterns. An impurity located in or on the surface 
could arise from several sources during the manufacturing 
process ; for instance from the lubricant used during the wire 
drawing process. 
These observations also indicate the probable source of 
difficulty that Goldwater and Danforth encountered in their 
thermionic determination of the work function of iridium. 
Figure 2 5. Emitter #3 Figure 26. After heating 
immediately after to 550°K 
the tube had been 
sealed-off from the 
pumps 
Figure 27. After 
heating to 600°K 
Figure 28. After 
heating to 1000°K 
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Their iridium surfaces were contaminated with an impurity 
that lowered the work function and could only be removed by 
prolonged heating at 2250°K. 
B. Contaminated Iridium 
Before useful information on adsorption can be deduced 
from an image of a field emission cathode, a theoretical basis 
for its interpretation must exist. This can be divided into 
two parts i the correlation of a given position on the flu­
orescent screen with the corresponding location on the cathode 
surface and a theoretical interpretation of changes in field 
emission caused by different types of adsorbed materials. 
The first problem is straightforward; however the second is 
is very difficult and has not been satisfactorily solved. 
Electrons emitted from a field emission cathode leave 
the surface perpendicularly and to a first approximation trav­
el in straight lines to the anode. This would be rigorously 
true if the cathode were a small sphere at the center of a 
larger, hollow spherical anode. The shank of the emitter 
distorts the electrostatic field thus causing the curvature 
of the electron trajectories schematically shown in Figure 
3. Because the electron trajectories are curved the angle 
which the images of two planes subtend at the tip is less 
than the crystallographic angle between the same two planes. 
The magnitude of this deviation can be specified by the image 
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compression factor . The crystallographic angle between 
two opposite 100 planes is 180°. With the tubes used in 
this research the measured angle is approximately 120°. Thus 
is close to 2/3 and was assumed to be exactly 2/3 in all 
following calculations. 
To calculate the position of the image of a given plane 
on the fluorescent screen one proceeds in the following manner. 
The angle 0 between the normal of this plane and the axis of 
symmetry of the emitter is calculated. Then the angle sub­
tended at the emitter by the image will be 2/3 6. The fluo­
rescent screens used in this research were nearly flat and 
for purposes of calculation were assumed to be perfectly so. 
In this case the distance of this plane's image from the 
center of the pattern is proportional to the sin 2/3 9. 
With one exception a 001 direction was parallel to the 
emitter axis; consequently all calculations have been done 
assuming this orientation. A map of the expected positions 
of the different planes of a face centered cubic crystal is 
given in Figure 29. A given image can be conveniently in­
dexed by photographing it and enlarging the resulting negative 
until it can be exactly superposed over Figure 29• The dif­
ferent spots on the negative can then be indexed by direct 
comparison. For convenience of the reader a reduced photo­
graphic positive of Figure 29 is placed in a pocket at the 
back of this thesis. Figures 25 to 51 in this thesis have been 
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orescent screen 
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reproduced the same size as this positive. Any picture can 
thus be indexed by laying the positive over it. 
Figures 25 to 4-Î show successive steps in the outgassing 
of an oxidized iridium cathode in a sealed and gettered field 
emission tube. The tip was oxidized during evacuation of the 
tube by turning on the outgassing oven before the diffusion 
pump was turned on. Approximately 15 minutes later the dif­
fusion pump was started and evacuation of the tube completed 
in the usual fashion. 
The abundance of detail on Figure 25 is quite striking 
and at once illustrates not only the power but also the lim­
itations of the field emission microscope for studying 
surface phenomena. It is quite easy to locate the crystal 
plane on which certain adsorption phenomena are occurring; 
however it is usually quite difficult to determine what has 
happened. For instance, the increased emission from the£l05j 
and 0-153 planes may be due to adsorption of a substance which 
lowers their work function; it could also be caused by a 
locally higher electric field, or to a combination of both. 
We can obtain a somewhat deeper insight of the character of 
the surface by its subsequent behavior on heating. In Figure 
26 the tip has been heated to approximately 550°K with a 
field applied. One of the 105 regions of intense emission 
is enlarging and has spread over most of the 103 plane. If 
these regions were caused by a locally higher field on the 
Figure 30. After Figure 31. After 
heating to heating 15 hours at 
1050°K 10506K with no 
applied field 
Figure 32. After heating 
at 1100°K for 60 sec 
with no applied field 
Figure 33* After 
further heating at 
1100°K for 15 min 
with no applied field 

Figure 34. Heated to Figure 35* After 
1200°K further heating to 
1200®K 
Figure 36. After 4.5 Figure 37. After again 
hours at room heating to 1200°K 
temperature 
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Figure 38. After Figure 39* After 
heating at 1350°K further heating at 
13 50 °K for 1 rain 
Figure 40. Further 
heating at 1350°K 
Figure 4l. After 
heating to 1470°K 
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6.05} planes, it could only be attributed to a surface distor­
tion induced by adsorption. Any alteration in the emission 
properties of the surface would necessarily mean changing 
this local distortion. Clean iridium can undergo changes in 
geometry only at much higher temperatures, therefore this 
spreading is probably caused only by the surface migration 
of an impurity which alters the work function. At a temper­
ature of approximately 600°K with a field applied the con­
taminant has spread more or less uniformly as shown in Figure 
27. This pattern remains essentially unaltered up to approx­
imately 1000°K as shown in Figure 28. With the field applied 
the temperature was raised to approximately 1050°K. At this 
temperature the apical 001 plane enlarges slightly as can be 
seen in Figure 30. This pattern is not affected by the ap­
plied electric field since Figure 31 which has been heated 
at 1050°K for 15 hours without an applied field, is nearly 
identical to Figure 30. 
The tip was then heated at approximately 1100°K with no 
field for different lengths of time as shown in Figures 32 
and 33• Further heating at 1200°K did not significantly alter 
the pattern as can be seen in Figures 3*+ and 35» After Figure 
35 was taken the tip was allowed to remain cold for 4.5 hours 
and then Figure 36 was taken. When Figure 35 is compared with 
Figure 25 it is apparent that the contamination which vas 
more or less uniformly distributed before, now appears to be 
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concentrated on theflO^ planes, whereas before heating the 
impurity was concentrated at the edge of theflO^ planes and 
on the [l05j planes. If the tip is again heated at 1200°K for 
one minute, Figure 37 is obtained; it is the same as the one 
obtained before the tip was allowed to remain cold (35). 
If this tip is heated at 1350°K for one minute, Figure 
38 results. It should be noted that the voltage required for 
1 x 10-7 aniperes emission is smaller than in any preceding 
picture. This can reasonably be interpreted as evaporation 
of contaminants which raise the work function when adsorbed. 
Thus in Figure 38 we see the positions at which this partic­
ular contaminant is most strongly bound to the surface. It 
can be seen that small patches of material are adsorbed on 
the (l05l and £ll7i planes which are the same planes that were 
contaminated at the start of this series. 
Further heating at 1350°K for one minute transformed the 
pattern to that shown in Figure 39 which was not significant­
ly altered upon further heating at 1350°K as shown in Figure 
40 in which the impurities are concentrated at the junction 
of the £105} and &03] planes. If this is heated at 1470°K the 
terraced structure described in the preceding section appears 
as shown in Figure 4l. Further heating at this temperature 
produces the normal pattern obtained from emitters construct­
ed from unpurified iridium wire. 
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Figures 42 to 51 give the sequence of patterns obtained 
during cleaning and smoothing of emitter number four. This 
is the emitter with which special precautions were taken to 
eliminate impurities. This tip was oxidized in the same 
manner as the preceding tip, however not as extensively. 
During the outgassing of the metal parts in the tube before 
seal-off the point was heated to approximately 1700°K. Fig­
ure 42 was taken immediately after seal-off. As can be seen 
from this picture one half of the pattern is much brighter 
than the other. This is caused by geometrical asymmetry of 
the emitter which has not been removed at the rather low 
temperatures to which the emitter has been heated. The vacuum 
seemed to be poorer than usual in this tube. A rough idea 
of the actual pressure was determined by the monolayer forma­
tion time as shown in the sequence of Figures 44 to 46. The 
tip was heated to 1500°K for five seconds with the field off. 
Approximately five seconds after the heater current was shut 
off the field was applied and Figure 44 taken. Figures 45 
and 46 were taken 30 and 60 seconds later respectively. 
From these it is estimated that the monolayer formation time 
is about 30 seconds. This corresponds to a pressure of 
-8 5 x 10" mm of adsorbable gases. This is a very graphic il­
lustration of the quality of vacuum required to keep surfaces 
clean. 
Figure 42. Emitter #4 Figure 43. After 
immediately after heating at 1800°K 
seal-off briefly 
Figure 44. Taken 5 Figure 45. After 30 
seconds after sec with no applied 
emitter had been field 
flashed to 1500°K 
* T 
Figure 46. After 60 Figure 47. Emitter 
sec with no in first discernible 
applied field stages of "build up" 
Figure 48. After 
heating to a higher 
temperature with 
the field applied 
Figure 49. Emitter #4 
in final stages of 
"build up" 
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Figure 50. After 
heating at 1700°K 
for 30 sec with no 
applied field 
Figure 51. After 
heating at 1700°K 
for 60 sec with no 
applied field 
Figure 52. Crystallites 
of iridium on apical 
001 plane 
7b 
S # 
# 
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The surface of a field emission cathode can be distorted 
if it is heated while an electrostatic field is applied; 
this phenomena is commonly known as "buildup". The sequence 
of Figures 47 to 49 shows the "buildup" of the emitter upon 
heating to successively higher temperatures with the field 
applied. This built up emitter was smoothed by surface 
migration as shown in Figures 50 and 51 by heating it to ap­
proximately 1700°K with no applied field, for approximately 
30 seconds. 
To improve the vacuum the tantalum getter was heated 
three times as long as it took to deposit an opaque film of 
tantalum on the inside of the glass walls surrounding the 
getter. The point was then flashed to a temperature of 2400°K 
and the tube laid aside. After sitting five weeks the pres­
sure of absorbable gases was in the 10" mm range. Figure 
54 was taken at the end of five weeks and is the image of 
clean iridium. 
C. Migration of Iridium on Iridium 
The fundamental theoretical equation of field emission 
is that derived by Fowler and Nordheim which has the form 
03/2 
2 w 5 = KF e where j is the current density of electrons 
emitted under the influence of the electrostatic field, F, 
at the cathode surface and 0 is the work function. Thus the 
current j, which is the only thing that shows up on the flu­
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orescent screen, is very sensitively dependent on the ratio 
1*3/2 ? 
of (the pre-exponential term, P , is insignificant com­
pared with the exponential term). 
If a clean field emission cathode is heated to sufficient­
ly high temperatures surface migration will continue until 
its surface is atomically smooth. In this case the electro­
static field changes smoothly along any curve drawn on the 
surface of the emitter. The only way a locally higher field 
can arise, is from a small projection or bump on the cathode 
surface. This higher field arises for the same reason that 
a high field is produced at the surface of the sharply pointed 
emitter. In some cases distortions of the normal cathode 
geometry are evident from the appearance of the emission pat­
tern, but in other cases they are not evident. 
Foreign materials usually form layers of dipoles when 
adsorbed on a clean metal surface. When this happens the 
work function of the surface is altered. This can be qual­
itatively seen by considering a layer of dipoles oriented 
with their positive ends away from the surface, in which case 
it will be easier to withdraw electrons from the metal. For 
an infinite sheet of dipoles the alteration of the work func­
tion can be shown to be 2 ÏÏ1A where M is the dipole moment per 
unit area of the adsorbed layer. 
Unless auxiliary information can be summoned, unambigu­
ous assignments of a given change in an emission pattern to 
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a change of work function, a locally altered field, or to a 
combination of both, cannot be made. A case in point is the 
interpretation of the adsorption of oxygen on tungsten. In 
spite of the fact that tungsten has been studied longer and 
more intensively than any other metal, the interpretation of 
the images resulting from the adsorption of oxygen on tung­
sten is still debated by the most experienced workers in the 
field. 
An example of an adsorption phenomena which can be re­
solved is the alteration of Figures 25 to 27 which was dis­
cussed in Section B. As will be shown later, iridium atoms 
will not migrate over a clean iridium surface at appreciable 
rates unless the temperature is at least 1000°K. The cathode 
was heated to only 600°K. Thus, unless surface distortion 
can occur at much lower temperatures on contaminated surfaces 
than on clean surfaces, it can be eliminated as the cause of 
the change of Figures 25 to 27. 
A large amount of information must be obtained on the 
behavior of a metal surface before successful interpretation 
of complex phenomena such as catalysis can be made. This 
must of necessity include a detailed knowledge of the surface 
migration of iridium at many different temperatures and ap­
plied electrostatic fields, not only when the surfaces are 
clean but also contaminated with various known substances. 
As one of the first steps of this program the migration of 
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iridium atoms on the [l0($ crystal planes was studied using 
the field emission microscope. 
This information is not only necessary for interpreting 
images ; the field emission microscope is probably the most 
powerful tool for studying the phenomena of surface migration. 
Some of its advantages over any other method are: migration 
of extremely small quantities of material can be followed by 
observing the changes of the pattern on the fluorescent screen 
without the necessity of labeling it with radioactive materi­
al as is usually necessary, and the migration can be followed 
on a known crystal plane whose state of cleanliness can be 
simultaneously monitored. This is impossible in all other 
methods for determining surface migration. 
At present the prediction of absolute migration rates 
is not possible, however the activation energy for the process 
can be easily calculated using Stranski's (32) theory. There 
are only two assumptions put into this theory: the interaction 
energy between any two given metal atoms is independent of 
the number of other atoms in their vicinity and that this 
interaction energy of two atoms decreases by the inverse 
sixth power of their separation. 
Before the theory can be described in detail a few defi­
nitions are in order. 0 is defined to be the total inter­
action energy of a given atom with all the other atoms of 
the crystal. These atoms can be grouped into n^ nearest 
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neighbors, n2 next nearest neighbors, n^ next, next nearest 
neighbors, etc. Under the assumption that the interatomic 
interactions are additive, the interaction energy would be: 
0 = n101 + n202 + + * " * * (12) 
where n^ is the number of i**1 nearest neighbors, and 0^ is 
the interaction energy of the reference atom and one of thes 
i**1 nearest neighbors. This can be put into a slightly more 
convenient form by defining c< , ^  , r , . . . • as 
<*-=^2, /? = ^3. , r = f4 .... etc. (13) 
K K K 
It is then evident that 0^ can be calculated as soon as 0 
and =< , f f ,.... etc. are known, since n^, n^, . . . . 
are known from the crystal structure of the metal. Stranski 
assumption of an inverse sixth relation between 0^ and 0^ 
permits one to calculate , p , r , . . . . etc. Thus for 
iridium, which has a face centered cubic lattice, the next 
nearest neighbor distance is /2~ d where d is the nearest 
neighbor distance. In this case : 
= % = ( y 6 = ° - 1 2 ?  ^  
The calculation of 0^ can be illustrated by referring 
to Figure 53* A little thought will show that an entire 
crystal could be constructed by repeatedly placing an atom 
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Figure 53» Schematic model of a crystal surface 
Figure $4. Schematic model of an approximately hemispherical 
crystallite 
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in the C position, thus extending the row across the face of 
the crystal. Each new atom would have essentially the same 
environment as the preceding one except at the edges of the 
crystal. By making the crystal sufficiently large these 
edge interactions can be made an arbitrarily small fraction 
of the total energy of the crystal. If we define 0W to be 
the total interaction energy of an atom in a C position it 
can be shown (35) that 
thermochemical measurements, 0W can be readily calculated. 
Because we purport to know <*. , ^  , n^, n2, etc., we can cal­
culate 0^ from Equation 12. We now have all the information 
necessary to calculate the interaction energy of an atom at 
any location on the surface, which as we shall see is the 
central point of Stranski's theory. 
The activation energy, Q, for moving an atom on the sur­
face from a position x to position y is defined as 0^ - 0X, 
where 0x is the interaction energy of an atom located at 
position x, and 0^ is the minimum interaction energy of this 
atom as it travels over the surface from position x to y. 
Any activated process follows an exponential rate law 
of the form A 
(15) 
where N is Avagadro's number. Since A H _ is known from Vcip 
__a 
v = v^ e RT (16) 
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where Q is the activation energy, R is the gas constant, T 
is the absolute temperature, v is the rate of the process, 
and vQ is defined to be the pre-exponential factor. By meas­
uring the rate of a process as a function of temperature the 
activation energy can be experimentally determined. 
This theory has been compared with experiment by MÛller's 
measurement of the activation energy for surface migration 
of tungsten atoms over a clean tungsten surface (22). The 
agreement was surprisingly good in view of the simplicity of 
the theoretical assumptions. It is desirable that this the­
ory also be checked with a different metal. If it is cor­
roborated in this case also, one could entertain considerable 
confidence in applying it to new situations. 
An experimental determination of the activation energy 
for surface migration of atoms over the flOO] crystal planes 
of iridium was done as follows : reproducible amounts of 
iridium were deposited at room temperature on an iridium 
field emission cathode, on which they formed many small crys­
tallites uniformly distributed over its surface. These crys­
tallites have a locally higher electric field around them and 
consequently emit more electrons per unit area than the rest 
of the cathode which makes them appear as bright dots on the 
fluorescent screen, see Figure 52. If the cathode is heated 
these bright spots disappear; the time required to do this can 
be measured as a function of temperature. If the logarithm 
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of these vanishing times is plotted against reciprocal temper­
ature, a straight line is obtained whose slope is the activa­
tion energy. 
Extreme precautions were taken in construction of this 
tube to insure that all contamination was removed from the 
iridium and to keep the amount of exposed metal to an absolute 
minimum to prevent outgassing difficulties. The tubes used 
are shown in Figure 55* They are identical to the tubes used 
to obtain the pictures described in the preceding section, 
except that an iridium source was included. This was simply 
9.0 mil iridium wire bent into a circle eight mm in diameter 
and placed approximately two mm in front of the cathode. 
The 9.0 mil wire was obtained by anodically etching a 10.0 
mil wire to a diameter of approximately 9.1 mils. The final 
reduction was accomplished by flame etching. The hairpin 
was constructed of 4.0 mil iridium wire etched from 5.0 mil 
wire by the above procedure. The emitter was a 3*0 mil wire 
anodically etched from a 5*0 mil wire, again by the same 
method. 
After the emitter was welded to the hairpin the whole 
assembly was boiled in concentrated nitric acid for one half 
hour to remove copper contamination. The cathode was then 
flame etched in the usual fashion. Special precautions were 
taken to insure that an optical pyrometer could be used to 
obtain accurate temperatures of the tip. The walls of the 
T0_ 
PUMP 
30 MIL 
NICKEL 
WIRE 
ALL SHADED AREAS ARE 
URANIUM SEALING GLASS 
REST OF TUBE IS PYREX 
GLASS 
ALL HEAVY LINES (« 
ARE 40 MIL SEALING 
GRADE TUNGSTEN 
FIELD 
EMITTER 
5 MIL 
IRIDIUM 
WIRE 
10 MIL 
IRIDIUM 
WIRE 
5 MIL 
TANTALUM 
WIRE 
Figure 55- Cross section of experimental field emission microscope 
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flask were protected during the tin oxide deposition so that 
none was deposited on the glass that was in the optical path 
of the pyrometer lens system. Temperature corrections were 
made assuming the emissivity of iridium to be 0.30 and a 
transinittance of the pyrex wall of the tube of 0.90. All 
calibrations of heater current versus tip temperature were 
completed before the iridium source was heated. This is 
necessary since heating it to deposit iridium on the emitter 
also causes some to deposit more or less uniformly over the 
inside of the tube. All temperature measurements were made 
with a Pyrometer Instrument Company optical pyrometer. The 
hairpin heater current was measured with a Weston model 155 
0-500 milliampere ac meter. To increase the heater current 
stability the transformer supplying the heater current was 
operated from a constant voltage llOv transformer which was 
also used to power the high voltage power supply. 
The process could only be studied over a narrow temper­
ature range. Therefore the following procedure was used to 
measure temperatures ; Heater current versus emitter temper­
ature, as measured with the optical pyrometer, was plotted. 
The heater current was raised until migration just became 
noticeable. The temperature corresponding to this current 
was read from the graph. From the graph it was also deter­
mined that a change of one milliampere in the heater current 
changed the tip temperature by 2.0°C. Thus if the heater 
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current was 10 milliamperes greater than this reference cur­
rent the temperature was 20°C higher than the reference tem­
perature. This procedure gives accurate relative temperatures, 
although they may all be uniformly in error by + 40°K. 
The migration times were naturally only as reproducible 
as the amount of iridium condensed on the cathode. That this 
is so can be seen by considering the following idealized case. 
Consider the crystallite to be a hemisphere sitting on the 
001 crystal face of iridium. It is very likely that the 
crystallite will also be oriented with its 001 plane parallel 
to the 001 plane that it was deposited on. Also consider the 
sides of the crystallite to be steps one atom high as shown 
schematically in Figure 54. Atoms can leave this crystallite 
only by breaking loose from its base plane. Therefore, the 
flux of atoms away from the crystallite will be proportional 
to the circumference of its base plane. Let r be the radius 
of the base plane, N be the total number of atoms in the 
hemisphere, and V be the atomic volume of iridium. Then: 
j tf"r3 = If V (17) 
2 dr 
dt (18) 
r dr = - K V d t (19) 
and r2 = r 2 - KVt 
o 
(20) 
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where rQ was the radius of the base plane before migration. 
Therefore the migration times should vary approximately as 
the square of the base diameter of the crystallite. This 
diameter could be kept constant with sufficient accuracy by 
heating the iridium source at a constant voltage for 100 
seconds. 
It was observed that the migration rates were influenced 
by the electrostatic fields necessary to produce an image on 
the screen. To eliminate this error an approximate migration 
time was determined by depositing the standard amount of irid­
ium and observing its migration with only an intermittently 
applied field. A duplicate run was then made with the field 
shut off except at the very end of migration, where it was 
again applied only intermittently, to determine the end point. 
In all cases only the migration time of crystallites 
deposited on the apical 001 plane was determined. These 
crystallites can reasonably be expected to have the same 001 
orientation. The process of migration is then the breaking 
away of an atom from position C, its migration over the 001 
plane until it falls over the next lattice step, and is again 
bound in a C position. 
For calculation of 0-p 02 etc. a slight generalization 
was made of Stranski's inverse r^ assumption to also take 
into account an inverse r^ repulsive term. If this is not 
done, the interaction energy of the more distant atoms is 
i> 
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underestimated. That this is the case can be clearly seen 
by considering the interaction between nearest neighbors. 
Here the interaction cannot be purely attractive since the 
atoms are held a fixed distance apart. This necessarily 
means that a repulsive interaction has come into play at these 
close distances. Thus we can break 0^, the interaction be­
tween nearest neighbors, into the sum of two terms: 0^a the 
attractive part and 0lr the repulsive term. If we assume 
that 0^ falls off as the inverse sixth power of separation, 
we are clearly overestimating the repulsive terms since they 
generally decrease as an inverse ninth power. Therefore the 
interaction was assumed to be of the form 
where rQ is the nearest neighbor distance. Furthermore, this 
is assumed to be of the same for iridium as it is for tung­
sten. For a tungsten crystal, Stranski could independently 
(17) 
evaluate the ratio ^2 , and found it to be 0.50. This per-
mits us to calculate the factors a and b. They are 
a = 1.520 01 (21) 
b = -0.515 0X (22)  
Thus in general: 
6 9 
= 1.520 
- 0.515 (23) 
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In the face centered cubic crystal of iridium, the sep­
arations between nearest, next nearest, etc. atoms is rQ, 
(2 rQ , f3 rQ respectively. By substituting these distances 
in Equation 20, , p , and y are 0.167, 0.053, 0.023 re­
spectively. 
The number of nearest neighbors, next nearest neighbors, 
etc. at the various positions on the surface is most conven­
iently found by visually inspecting a model of the surface. 
Since iridium is a close packed structure, such a model can 
be easily constructed from balls. A tabulation of the number 
of neighbors for different positions on the surface is given 
in Table 1. 
The calculation of 0^ is now a straightforward process. 
From Equations 12 and 15: 
01 = (nx + ^  <*) 
where for purposes of calculation all interactions between 
atoms more distant than second nearest neighbors have been 
dropped. Using the known value of 164 k cal for Hvap 
and the values of n^, n2, and n^ given in Table 1, 0^ is 
easily seen to be: 
01 ~ 6 + 3(0^167)a+ 12(0.053) " 23.5 k cal (25) 
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Table 1. Number of nearest neighbors for a face centered 
cubic crystal 
nl n2 n3 n4 
Regular positions 
on a 001 plane 
a neighbors 
separations 
4 
ro K 
4 
*3*o 
4 
2ro 
b neighbors 
separations 
5 
ro 
6 
^o 
5 
2ro 
c neighbors 
separations 
6 
ro K 
12 
V?r0 
6 
2ro 
Saddle positions 
on a 001 plane 
a neighbors 
separations 
2 
ro 
V l&o 
2 
l5ro 1.80ro 
b neighbors 
separations 
3 
ro 1.225r0 l.Ç8r0 K 
d neighbors 
separations 
2 
ro 
2 
l.4lOr 0 
2 
1.577r 
, h0 
The interaction energy 0 for any position on the surface 
of the crystal can now be calculated by using Equation 12, 
and is tabulated for various positions in Table 2. 
As previously described, the migration process can rea­
sonably be expected to be a migration from a C position over 
a 001 plane, and then falling over an edge to another C posi-
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Table 2. Interaction energy of an atom adsorbed at various 
positions on a 100 plane of a face centered 
cubic crystal 
Interaction energy 
Regular position on surface 
a 4.38 01 
b 5.82 01 
c 7.14 01 
Saddle positions on surface 
a 2.77 0± 
b 4.38 0X 
d 2.40 01 
tion. The highest energy hump that this migrating atom must 
surmount can be seen from Table 2 to be a d saddle. The dif­
ference in binding energy at these positions is 4.70 0^ or 
110 k cal per mol. The logarithm of experimental migration 
times is plotted against reciprocal temperature in Figure 
56. From the slope of this line the activation energy was 
calculated to be 113 k cal per mole which is in very satis­
factory agreement with the theoretical value. 
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MIGRATION TIME 
1.00 1.05 I.IO 
Figure 56. Plot of experimental migration times versus 
temperature 
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SUMMARY 
As a first step in a program to investigate catalytic 
hydrogénation, the surfaces of iridium single crystals have 
been studied with a field emission electron microscope. Irid­
ium was chosen because of its activity as a hydrogénation 
catalyst and also because of its desirable physical proper­
ties. Some of these are: high melting point, high tensile 
strength, and an oxide which decomposes upon heating. 
It was discovered that commercially available iridium 
wire has an impurity that is concentrated in its surface. 
Upon heating this impurity becomes very selectively adsorbed 
on the {lOOj planes of iridium, and cannot be removed by 
heating to temperatures only 100°C below the melting point. 
The behavior of this impurity when subjected to a wide vari­
ety of treatments is discussed. It was further discovered 
that a pure iridium surface could be obtained by anodically 
dissolving the surface of the wire in a molten sodium 
chloride-potassium chloride bath. 
The migration of iridium atoms over the 001 plane of an 
iridium single crystal has been investigated by condensing 
iridium vapor on this plane to form crystallites approximately 
O 
50 A in diameter. The rate at which atoms leave these crys­
tallites and migrate over the surface of the 001 plane can 
be determined as a function of temperature. From this meas­
ured temperature dependence, the activation energy for the 
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process can be determined. The experimental value was 113 
k cal per mol, which is in very satisfactory agreement with 
the theoretical value of 110 k cal per mol. This theoretical 
value is easily obtained using only two assumptions: the 
interaction between two metal atoms is independent of the 
number of other metal atoms in their vicinity, and that their 
interaction falls off inversely as the sixth power of their 
separation. 
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